BACKGROUND/OBJECTIVES: Cardiovascular disease (CVD) is the leading cause of death in the United States and the world. Clinical trials have suggested that soybean protein lowers lipids and blood pressure. The effect of soybean protein on novel CVD risk factors has not been well studied. The objective of this study was to examine the effect of soybean protein on biomarkers of inflammation, endothelial dysfunction and adipocytokines. SUBJECTS/METHODS: The effect of 8 weeks of 40 g of soybean protein supplement (89.3 mg isoflavones), 40 g of milk protein supplement and 40 g of complex carbohydrate placebo was examined in a randomized, placebo-controlled, double-blind, threephase crossover trial among adults in New Orleans, Louisiana and Jackson, Mississippi. Plasma levels of inflammation biomarkers (C-reactive protein, interleukin-6, tumor necrosis factor-a), endothelial dysfunction biomarkers (E-selectin, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, thrombomodulin) and adipocytokines (high-molecular weight adiponectin, leptin, resistin) were measured at baseline and at the end of each intervention using immunoturbidimetric and enzyme-linked immunosorbent assay techniques. RESULTS: Soy protein supplementation resulted in a significant mean net change (95% confidence interval) in plasma E-selectin of À 3.93 ng/ml ( À 7.05 to À 0.81 ng/ml; P ¼ 0.014) compared with milk protein, and in plasma leptin of À 2089.8 pg/ml ( À 3689.3 to À 490.3 pg/ml; P ¼ 0.011) compared with carbohydrate. There were no significant changes in any other risk factors. CONCLUSIONS: Soy protein supplementation may reduce levels of E-selectin and leptin. Further research is warranted to investigate the mechanisms through which protein may confer protective effects on novel CVD risk factors.
INTRODUCTION
Cardiovascular disease (CVD) is the primary cause of mortality in the United States and the world. 1, 2 Epidemiologic studies have found that biomarkers of systemic inflammation, endothelial dysfunction and adipocytokines are associated with an increased risk of CVD morbidity and mortality, independent of traditional CVD risk factors. [3] [4] [5] Endothelial dysfunction is the initial detectable step in the process of developing atherosclerotic CVD, and the inflammatory system is integral to facilitating further atherosclerosis lesion pathogenesis leading to clinical CVD events. 6 Adipocytokines are thought to act through several pathways to realize cardio-metabolic effects, including mediating glucose and lipid metabolism, the inflammatory response and endothelial function. 7 Examining changes in biomarkers of the inflammatory system, endothelial function and adipocytokines allows for the detection of early indications of change in CVD risk.
Soybean protein is recommended as a healthy food for cardiovascular health based primarily on its favorable effect on cholesterol and blood pressure. [8] [9] [10] The American Heart Association recommends daily consumption of 25 g or more of soy protein with phytoestrogens in a diet low in saturated fat and cholesterol to improve the lipid profile and reduce CVD risk. 8 Some clinical studies have investigated the effect of soy protein on inflammatory biomarkers, endothelial dysfunction biomarkers and adipocytokines, as early markers of CVD risk. [11] [12] [13] [14] [15] [16] However, the existing evidence is limited and inconsistent. Evaluating the impact of dietary interventions, such as soybean protein supplementation, on novel CVD risk factors may provide justification for widespread implementation of such interventions for the prevention and treatment of CVD and its related morbidity and mortality. The objective of this study was to examine the effect of soybean protein, milk protein and complex carbohydrate supplementation on plasma levels of biomarkers of inflammation, endothelial dysfunction and adipocytokines.
Study participants
Study participants were men and women aged 22 years or older who had a mean systolic blood pressure from 120 to 159 mm Hg and a diastolic blood pressure from 80 to 95 mm Hg, based on the average of six readings at two screening visits. Individuals were excluded if they were taking antihypertensive medication, had a self-reported history of clinical CVD, cancer, chronic kidney disease (or a serum creatinine X1.7 mg/dl (150.3 mmol/l) for men and X1.5 mg/dl (132.6 mmol/l) for women), hypercholesterolemia (or serum total cholesterol X240 mg/dl (X6.2 mmol/l)), diabetes (or serum glucose X126 mg/dl (X7 mmol/l)), a body mass index X40 kg/m 2 , were pregnant or intended to become pregnant during the study, were consuming 414 alcoholic drinks per week, or were consuming X1.63 g/kg per day (85th percentile of dietary protein intake in the US general population) of dietary protein based on two 24-h dietary recalls.
Study participants were recruited by mass mailing and work-site and community-based screenings in New Orleans, Louisiana and Jackson, Mississippi. Participant recruitment and the intervention occurred between October 2005 and April 2008.
Intervention
Study participants were randomly assigned to three sequences at a fixed 1:1:1 allocation ratio. Randomization was stratified by clinic site, gender and hypertension status. We used a block size of six to ensure equal distribution of participants among the sequences. Randomization assignment was conducted centrally at the Data Coordinating Unit at Tulane University, employing a computer-generated assignment list, which could only be accessed by the data coordinator. All other research personnel and the study participants were unaware of treatment assignment.
The soy protein, milk protein and complex carbohydrate supplements were provided by Solae, LLC (St Louis, MO, USA). Caloric and fat content was similar in all supplements. Milk protein supplements contained 10 mg of cholesterol, and soy protein supplements contained 89.3 mg of isoflavones, which was not present in the other supplements. Supplement powders looked the same and were distributed in identical packets. Study participants were instructed to take the supplements twice per day; once in the morning and once in the evening in water or juice. Based on the participants' two 24-h dietary recalls during screening visits, individualized recommendations were given in order for participants' total energy intake to remain constant over the intervention periods.
Measurements
Study participants were instructed to fast for 10 h before their clinic visits for blood sample collection. Blood samples were promptly centrifuged at 3000 r.p.m. for 10 min at 4 1C. Serum and plasma were separated and aliquoted for different analyses at the clinical laboratory. Specimens were stored at À 85 1C until analysis. Specimens from 102 study participants were available for this study. Blind duplicates of samples were collected, and biomarker levels were similar in the blind duplicates compared with the original samples.
Plasma levels of C-reactive protein (CRP) were measured using a latex particle-enhanced, high-sensitivity immunoturbidimetric assay on the Olympus AU400e Analyzer (Beckman Coulter, Brea, CA, USA) with Kamiya reagents (Kamiya Biomedical Company, Seattle, WA, USA). 17 Ten percent of the samples were measured in duplicate. Plasma levels of all other biomarkers were measured using commercially available, sandwich enzyme-linked immunosorbent assay methods, with high-sensitivity assays for interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) only (Quantikine human immunoassays, R&D Systems, Inc., Minneapolis, MN, USA). Optical density was measured using a microplate reader (ASYS Expert Plus microplate reader, Biochrom Ltd., Cambridge, UK). All samples that were measured with enzyme-linked immunosorbent assay methods were run in duplicate. A baseline questionnaire was administered to record demographic and lifestyle characteristics and medical history. Blood pressure, body weight, height and waist circumference were also measured at baseline. Computer software was used to calculate nutrient intakes from 24-h dietary recalls at baseline and at the end of each phase (Minnesota Nutrition Data System for Research, University of Minnesota, 2002 ). An overnight timed urine sample was collected at the baseline and termination visits to measure excretion of micronutrients. Side effects and compliance were assessed using a symptom questionnaire, counts of returned unconsumed packets and self-reported supplement calendar report.
Statistical analysis
The primary outcome of interest was the net change in biomarkers, which was calculated as the difference in biomarker levels at the end of each intervention/control phase. When duplicate measurements of samples were taken, the means of the two measurements were used for analysis. PROC MIXED of SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) was used to obtain point estimates and standard errors of the treatment and sequence effects and to test for differences between treatments. An autoregressive correlation structure was used to account for within-subject correlation due to repeated measurements in the crossover study design. Mean levels of biomarkers according to intervention phase and net change in biomarkers according to all three comparisons between phases along with corresponding 95% confidence intervals (CIs) were estimated with the LSMEANS statement. The carryover effect was assessed by testing the interaction between phase and treatment and the interaction was not statistically significant. The intention-to-treat principle was used for all primary analyses. Sensitivity analyses were performed by (1) using logtransformed values, (2) restricting to those participants that completed all phases of the study and (3) those that consumed at least 85% of supplements based on returned packet counts. All tests are two-tailed and statistical significance was assessed at an a level of 0.0167 (0.05/3 for the Bonferroni correction of multiple comparisons).
For the power calculation, the standard deviations corresponding to net changes in biomarkers between phases were abstracted from previously published trials with a similar follow-up period as the present study. [18] [19] [20] With a pre-determined sample size and a Bonferroni-adjusted significance level, the power for determining the difference in mean biomarkers in a crossover design study for two-tailed t tests was calculated. We estimated that it should be possible to recognize relatively small but important net changes in plasma levels of novel biomarkers with 80% statistical power.
RESULTS
The flow diagram summarizes study assignment according to randomization group and period ( Figure 1 ). Conditional follow-up Based on overall counts by study staff of returned and unconsumed supplement packets, study participants consumed an average of 90.5% of their supplements and 76.0% of participants consumed at least 85% of their supplements. The average level of overnight urinary excretion of urea nitrogen was significantly increased during the soy protein (467.4 mg/l) and milk protein (484.0 mg/l) supplementation interventions compared with the carbohydrate supplementation intervention (376.9 mg/l; P ¼ 0.01). The urea:creatinine ratio was also increased during protein interventions (soy: 8.7, milk: 8.7, carbohydrate: 6.8; Po0.0001).
Baseline characteristics of the 102 study participants are shown in Table 1 according to randomization group. For the total study population, mean age was 46 years, 67% were males, and 29% were African-American. At baseline, mean body mass index was 29.9 kg/m 2 , mean fasting glucose level was 96.1 mg/dl (5.3 mmol/l), mean systolic/diastolic blood pressure was 127.5/82.3 mm Hg and mean total cholesterol was 196.5 mg/dl (5.1 mmol/l). There were no statistically significant differences in baseline characteristics by randomization sequence assignment. There appeared to be variation in age and college education by randomization group, but it was not statistically significant.
The daily dietary nutrient intake based on 24-h dietary recall is presented according to intervention phase in Table 2 . Total dietary protein intake was significantly higher by an average of 30.2 g/day due to the higher intake of vegetable protein (29.9 g/day) during the soy protein intervention compared with the carbohydrate intervention. During the milk protein intervention, total dietary protein was significantly higher by 33.2 g/day due to the higher intake of animal protein (33.8 g/day) compared with the carbohydrate intervention. Dietary carbohydrate intake was lower by 36.7 g/day during the soy protein intervention and by 41.3 g/ day during the milk protein intervention compared with the carbohydrate intervention. Daily intake of other dietary nutrients was not significantly different across intervention phases.
Mean plasma levels of biomarkers at baseline and at the end of each intervention with corresponding CIs are presented in Table 3 . During the study, the lowest level of several biomarkers, including CRP, IL-6, TNF-a, E-selectin, intercellular adhesion molecule-1 (ICAM-1) and leptin, were observed at the end of the soy supplementation intervention. The lowest levels of vascular cell adhesion molecule-1 (VCAM-1) and resistin were observed at the end of milk protein supplementation intervention. The mean plasma levels of E-selectin and resistin were statistically significantly different by phase, after accounting for multiple comparisons. Mean plasma levels of all other biomarkers were not statistically significantly different by phase. Net change in plasma levels of inflammatory biomarkers along with CIs and P-values are provided for the three comparisons of interest in Table 4 . Compared with milk protein, soy protein supplementation resulted in a significant mean net change (95% CI) in plasma E-selectin of À 3.93 ng/ml ( À 7.05 to À 0.81 ng/ml; P ¼ 0.014), even after correction for multiple comparisons. Compared with carbohydrate, soy protein supplementation resulted in a significant mean net change (95% CI) in plasma leptin of À 2089.8 pg/ml ( À 3689.3 to À 490.3 pg/ml; P ¼ 0.011), which attained statistical significance even after adjusting for multiple comparisons. There were no statistically significant net changes in plasma levels of CRP, IL-6, TNF-a, VCAM-1, ICAM-1, thrombomodulin, high-molecular weight (HMW) adiponectin, leptin or resistin.
The magnitude and significance of the mean levels and net change estimates were not different in the pre-specified sensitivity analyses which included using log-transformed values, when the analysis was restricted to participants who completed all phases and those who consumed at least 85% of their supplement packets.
The frequency of side effects was similar for the soy protein, milk protein and carbohydrate supplementation interventions. The most commonly self-reported changes in symptoms were a change in appetite (29.6%), increased energy level (16.7%) and constipation (14.2%). Participants reported more belching during the milk protein supplementation (18.0%) compared with soy protein (6.2%) and carbohydrate supplementation (6.2%; P ¼ 0.02). There was a slightly larger percentage of participants reporting improved mood during the soy protein supplementation (18.5%) compared with milk protein (7.7%) and carbohydrate supplementation (8.6%), although it was not statistically significant (P ¼ 0.06).
DISCUSSION
This randomized controlled trial suggests that soy protein supplementation reduces plasma levels of E-selectin compared with milk protein and reduces plasma levels of leptin compared with carbohydrate. However, soy protein supplementation may not have a meaningful effect on plasma levels of CRP, IL-6, TNF-a, VCAM-1, ICAM-1, thrombomodulin, HMW adiponectin or resistin. These study findings add to our understanding of the effects of soy protein, especially considering the paucity of rigorously designed and conducted soy protein clinical trials on novel CVD risk factors.
The beneficial effect of soy protein on traditional CVD risk factors, primarily lipids and blood pressure, has been demonstrated previously. 9, 10 The evidence for an association of dietary protein intake on novel CVD risk factors is less conclusive. Our findings appear to be consistent with the majority of the few published soy protein clinical trials, demonstrating no statistically To convert C-reactive protein to nmol/l, multiply by 9.524. To convert interleukin-6 to IU/ml, multiply by 0.124. To convert tumor necrosis factor-a to IU/ml, multiply by 0.086. To our knowledge, there is no conversion to International Units currently available for the remaining novel biomarkers. To convert C-reactive protein to nmol/l, multiply by 9.524. To convert interleukin-6 to IU/ml, multiply by 0.124. To convert tumor necrosis factor-a to IU/ml, multiply by 0.086. To our knowledge, there is no conversion to International Units currently available for the remaining novel biomarkers.
significant change in the inflammatory biomarkers, endothelial dysfunction biomarkers and adipocytokines. [11] [12] [13] [14] [15] [16] The observed reduction in plasma levels of E-selectin after soy protein supplementation compared with milk protein supplementation in the present study was consistent with one other study. 16 In a crossover study of 42 postmenopausal women with metabolic syndrome, an 8-week intervention on the soy nut diet (30 g/day soy protein and 102 mg/day isoflavones) resulted in a 11.4% decrease (Po0.01) in E-selectin compared with 8 weeks on the control diet. 16 In contrast, there was no effect of soy protein on E-selectin in three other studies. [13] [14] [15] The observed reduction in plasma leptin was documented in one other study of 90 overweight and obese men and women in which a 6-week intervention of two daily servings of a soy drink resulted in 18.2 ng/ml leptin reduction compared with 6.97 ng/ml in the control group (Po0.01). 21 In contrast, six other soy protein clinical trials reported no significant change in leptin levels. 12, [22] [23] [24] [25] [26] To the best of our knowledge, the present study is one of the largest randomized trials to investigate the effect of protein supplementation on multiple biomarkers of inflammation, endothelial dysfunction and adipocytokines, and is the second to report on thrombomodulin and resistin. Whereas the majority of previous studies have limited their participants to Caucasian females, our study population is more generalizable due to it representing men, women, Caucasians and African-Americans.
It is well established that diet plays an important role in modifying CVD risk. Soy food products have several bioactive components and properties that could be responsible for improving cardiovascular health, including fiber, polyunsaturated fatty acids and arginine. [27] [28] [29] Replacement of carbohydrate with dietary protein intake is thought to offer cardiovascular benefit due to the lower glycemic index of protein and associated reduction of inflammatory activity. 30 A leading hypothesis for the postulated mechanism for an effect of soy protein on CVD risk factors is through the estrogen-like structure and biological activity of soy-derived isoflavones. 31, 32 Isoflavones, such as genistein, have been shown to improve endothelial function by increasing nitric oxide, causing smooth muscle relaxation, and subsequently resulting in vasodilation. [33] [34] [35] [36] [37] Genistein has also been shown to inhibit differentiation of fat cells, which secrete adipocytokines, through several pathways including expression of endothelial nitric oxide synthase, inhibition of p38 mitogenactivated kinase phosphorylation and inhibition of fatty acid synthase. [38] [39] [40] This randomized, double-blind, placebo-controlled trial had a high level of compliance, high rate of study completion, and limited variability in diet and lifestyle behaviors. The prolonged 3-week washout period limited the carryover effect, and there was no statistical evidence of carryover between periods. Blind duplicates of samples were measured for quality assurance, and the same laboratory technician and equipment was used throughout the study to minimize systematic error. Highsensitivity assay techniques were employed such that low levels of inflammatory biomarkers could be detected. Random variability was decreased by using average values of duplicate measures in the analysis. The estimation of mean levels of biomarkers and mean net change in biomarkers was consistent in sensitivity analyses.
Although our study has a relatively large sample size compared with previously published studies, this study still has insufficient statistical power to detect small changes in biomarkers due to the supplement interventions. However, the clinical significance of small changes in these novel CVD risk factors is unknown. The contribution of participants was maximized with the crossover study design and mixed effects regression model. Another limitation is that the potential day-to-day variation in biomarker levels could have increased random error and variance estimates and therefore reduced statistical power. In our study, the 95% CI estimates of net changes in biomarkers were large, even for those that reached statistical significance. Future studies should collect multiple blood samples on different days in order to assess and account for this potential source of variability. An additional limitation is the relatively short intervention duration of 2 months. However, the majority of soy protein clinical trials on novel CVD risk factors similarly have an intervention duration of 6 or 8 weeks. 11, [13] [14] [15] [16] In conclusion, this study suggests that soy protein may improve endothelial function by decreasing plasma levels of E-selectin compared with milk protein and may improve metabolic function by decreasing plasma levels of leptin compared with carbohydrate. This study suggests that soy protein may not significantly impact plasma levels of CRP, IL-6, TNF-a, ICAM-1, VCAM-1, thrombomodulin, HMW adiponectin or resistin. A randomized controlled trial with a larger sample size, longer intervention duration and multiple measurements of biomarkers may be better suited to assess the impact of soy protein on novel CVD risk factors. A meta-analysis could be conducted to pool results from the few available clinical trials with small sample sizes in order to estimate the effect of soy protein on novel CVD risk factors with greater statistical power. This study provides moderate support for the role of soy protein as a healthy food for cardiovascular health through E-selectin and leptin reduction, which adds to the existing evidence for the cholesterol and blood pressure reducing effects of soy protein.
